Introduction
The synthesis of industrialh eterogeneousc atalysts, composed of highly dispersed active nanoparticles on ap orous support, usually involves multiple steps. [1] Typically,t he support is prepared and shaped first and subsequently loaded with the desired metal salt precursors. Severals teps of drying, calcination, and activation are then required to obtain the catalytically active phase, each exhibiting some inherent drawbacks. For example,d uring drying the precursor may migrate anda gglomerate at the pore mouth. Calcinationc an lead to incorporation of the precursor into the support anda ctivation may lead to initial sintering of metal nanoparticles, resulting in aloss of catalytic activity and/ors electivity. [1, 2] The development of synthetic routes that involve fewer steps is thus not only economically attractive, but it may also lead to ah igher degree of control over materials properties.
Severalo ne-step methodologies have been reported for the synthesis of heterogeneous catalysts containing noble [3] or non-noble [3b, 4] metal nanoparticles. However,d espite their simplified preparation, calcination and/orreduction maystill be required to obtain the catalyst in its active state. Reduction by H 2 or other reducing agents such as NaBH 4 can be circumvented if the support facilitates reduction directly.R edox-active supports (or their precursors) such as CeO 2 and TiO 2 are capable of reducingn oble-metalsalts in solution to obtain supported metallic nanoparticles directly. [5] Such an approach has not yet been demonstrated for non-noble metals,a lthough the deposition of small amountso fM S 2 (M = Mo, W) on TiO 2 by photoreduction has suggested that as imilar approach may work for transition-metal disulfides (TMS). [6] TMS are an important class of materials that have attracted interest in av ariety of fields such as catalysis and energy storage. [7] In particular,they are broadly applied in refineries to catalyze the removal of heteroatoms (S, N, O, Ni, V, etc.) from oil. Hydrotreating (HDT) catalysts are typically composed of Co-or Ni-promotedM oS 2 nanoparticles supported on g-Al 2 O 3 .
[8] Several researchers have reportedt hat TiO 2 as as upport improves intrinsic hydrodesulfurization (HDS) performance by af actor of four to five.
[9] Nevertheless, practical applications of TiO 2 as as upport in HDS catalysts are limited by its maximum Mo loading, which is constrained by the lower surfacea rea compared with Al 2 O 3 . [9a, 10] Several strategies were proposed to overcome the low Mo capacityo fT iO 2 .T hese strategies include the synthesis of highsurface-area TiO 2 ,
[10] mixed supports of TiO 2 with other metal oxides (ZrO 2 ,A l 2 O 3 ,a nd SiO 2 ), [11] and the synthesis of TiO 2 -coated Al 2 O 3 . [12] Despite the higher Mo loadings accommodated by these supports, in all cases Co and Mo were added by post-impregnation. Recently,N guyene tal. reported as inglestep synthesis of TiO 2 -supported Co-Mo oxide HDT catalyst precursors by as ol-gelm ethod. [13] By this approach, the Mo loading could be varied up to 30 wt. %. Ad rawback of this methodw as that part of the Mo was incorporated in the support and remained unsulfided. Consequently,t he samples prepared by the sol-gel methodw ere less active than impregnated samples with the same Mo loading.
Molybdenumd isulfide nanoparticles supported on titania were synthesized from aqueous solutionsc ontaining Ti and Mo precursor salts by an in situ redox reaction. The synthesis involves ar edox process between Ti 3 + and MoS 4 2À ,w hich proceeds readily under mild conditions in aqueous solution.C atalysts were made in as ingle step, yieldinga morphous catalysts with high Mo content, or in two steps to obtain MoS 2 supportedo n well-defined TiO 2 with lower Mo content.Catalysts obtained by single-step reductivec oprecipitationw ere highly active in the hydrodesulfurization of dibenzothiophene, exceeding the activity of an alumina-supported Co-Mo reference. In contrastt o alumina-supported catalysts, the addition of Co as promoter did not enhancet he catalytic activity of MoS 2 /TiO 2 to the same extent (+ 30 %) as for alumina-supported Co-Mo catalysts. Instead, ac hange in selectivity towards hydrogenolysis products at the expense of hydrogenation products was observed. It is suggested that Ti maya ct as ap romoter for MoS 2 in hydrogenation reactions.
In this work we report the direct synthesis of nonpromoted and Co-promotedM oS 2 nanoparticles supported on TiO 2 (MoS 2 /TiO 2 and Co-MoS 2 /TiO 2 ,respectively) by reductive coprecipitation (RCP). The synthesis involves ar edox reactionb etween Ti 3 + and MoS 4 2À in aqueous solutiona nd proceeds readily under mild conditions. To our knowledge,t his is the first example of simultaneousf ormation of support and metal sulfide nanoparticles in as ingle step. Furthermore, unlike in the solgel method, we did not find evidence that coprecipitation leads to encapsulation of active MoS 2 particles by the support. The catalysts provedtobehighly active in the HDS of dibenzothiophene (DBT) under mild conditions (40 bar,2 45 8C), even in the absence of Co. The remarkable activity of the unpromoted catalyst, which is competitive with a commercial alumina-supported Co-Mor eference, can be attributedt oa ni ncreased hydrogenation activity.T his suggests that Ti (TiO 2 )m ay act as ap romoter for MoS 2 in hydrogenation reactions. The as-synthesized catalysts were characterized by transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction(XRD), X-ray fluorescence(XRF), and X-ray photoelectron spectroscopy (XPS).
Results and Discussion
TiO 2 -supported MoS 2 catalysts were synthesized from aqueous solutionso f( NH 4 ) 2 MoS 4 and TiCl 3 by reductive coprecipitation (RCP). Them ethod involves hydrolysis and oxidationo fT iCl 3 and simultaneousr eduction and decomposition of (NH 4 ) 2 MoS 4 to MoS 2 ( Figure 1 ). The involvedr edox process is formally described by the following half-reactions:
Genesis of the supported catalysts is likely an interplay between redox, hydrolysis, andc ondensation reactions. TiCl 3 is hydrolyzed, and subsequently it condensatest of orm ag el-like structure, similarly to the early stage of TiO 2 synthesis from TiCl 4 . [14] Simultaneously,T i 3 + is oxidized by MoS 4 2À ,y ielding MoS 2 .W ef ound that reduction of MoS 4 2À proceeds readily under mild acidic or neutralc onditions. MoS 2 spontaneously precipitates upon addition of an eutral solutiono fT i 3 + ,c helated by nitrilotriacetic acid, to an eutral solution of (NH 4 ) 2 MoS 4 (see the Supporting Information and Figure S1 ).H owever, under alkaline conditions Ti 3 + is rapidlyo xidized by water or hydroxyl anionst oT i 4 + .C onsequently,M oS 2 does not form under thesec onditions.
Under acidic conditions, the reduction of MoS 4 2À by Ti 3 + is in competition with its hydrolysis to MoS 3 [Eq. (3)],a na morphous Mo IV solid, which cannott ake part in the redox process anymore. [15] Mo
The formation of MoS 3 was suppressed by addition of ac helating agent (ethylenediaminetetraacetic acid, EDTA; or citric acid). The chelating agent stabilized Ti 3 + ions in solution, allowingt he reaction between Ti 3 + andM oS 4 2À to proceed in acidic media. The optimum pH for synthesis was between 3 and 4, resulting in an early stoichiometric ratio of TiO 2 and MoS 2 ( Table 1 , entry 1).
Synthesis and characterization of TiO 2Àx support
The supported catalysts were synthesized in as ingle step, either directly from as olution of the respective metal salts (RCP1) or from ad ispersiono fT iO 2Àx support precursori nas olution of (NH 4 ) 2 MoS 4 (RCP2). The TiO 2Àx support precursor was prepared prior to the introductiono ft he (NH 4 ) 2 MoS 4 salt. The advantage of this approach (RCP2) is that the morphology of the TiO 2Àx support precursor can be modified by adjusting synthesis parameters (T,p H) withouta ffecting the redox reaction between Ti 3 + and MoS 4 2À ,thus preventing unwanted side reactions.
Twom ethods were employedt os ynthesize TiO 2Àx support precursors, thermolysis and hydrolysis.I nt he first method, thermolysis, TiO 2Àx was synthesized overnight from an acidic TiCl 3 solution at 100 8C. In the second method, hydrolysis, Figure 1 . Schematic representation of the one-step (RCP1)a nd two-step (RCP2) reductive coprecipitation processes.InR CP1 the product forms directly in an aqueous solution of the precursor salts, whereas RCP2 involves preparation of TiO 2Àx and subsequent loading with MoS 2 . S/Mo ratio [b] Mo/Ti ratio [b] SSA Figure 2 . Thermolysis yieldedn anosized rods of approximately 200 nm in length that tended to form spherical aggregates. Electron diffraction (ED) confirmed that the particles were crystalline and were composed of the rutile polymorph, which was also confirmed by XRD spectroscopy ( Figure S2 ). TiO 2 nanoparticles obtained by hydrolysis were approximately2 5nmi nl ength and were polycrystalline. Both rutile and brookite were identified by their electron diffraction patterns,h owever,t he presence of anatase could not be excluded.
Synthesis and characterization of MoS 2 /TiO 2 catalysts
Four catalysts were prepared by the two RCP routes; their compositions are listed in Table 1 . An unpromoted and aC opromoted catalyst with high Mo loadings were prepared in as ingle step from aqueous solution by RCP1. The addition of Co during synthesis did not affect the redox process between Ti 3 + and MoS 4 2À and yielded similarm aterials as fara st he states of Ti and Mo are concerned. We will therefore only discuss the characterizationo ft he unpromoted catalysts amples in the following paragraphs.
For RCP2 catalysts, TiO 2Àx support precursors were synthesized either by thermolysis (RCP2-T) or hydrolysis (RCP2-H). Next, as olution of thiomolybdate was introduced, which was immediately reduced by the TiO 2Àx phase to form MoS 2 nanoparticles on aT iO 2 surface. This procedure yieldedc atalysts with low Mo loadings, likely owing to the limited availability of Ti 3 + on the TiO 2Àx surface as indicated by the light blue color of the material. The specific surface areas (SSA)ofcatalysts prepared by RCP1 andR CP2 were comparable (100-130 m 2 g À1 , Ta ble 1). The SSA data were obtained with MoS 2 -loaded samples, which suggests that the SSA of TiO 2 synthesized by RCP is substantially highert han that of at ypical TiO 2 support (P25, SSA = 50 m 2 g À1 ).
The TEM images in Figure 3s how catalysts synthesized by the RCP1 andR CP2m ethods. The presenceo fc rystalline TiO 2 or MoS 2 phases in MoS 2 /TiO 2 -RCP1 could not be confirmed by electron diffraction (ED, Figure 3a inset ), indicating that the catalystw as mainlya morphous. Ah igh-resolution TEM (HRTEM) image of the same particle revealed the presence of stacked MoS 2 layers with ac haracteristic d-spacing of 0.615 nm (Figure 3b) . The TEM image of MoS 2 /TiO 2 -RCP2-T (Figure 3c ) clearly shows deposits on the TiO 2 rods. Furthermore, the presence of MoS 2 in the same region was identified by HR-TEM (Figure 3d ). This suggests that both synthesis methods successfully yieldedM oS 2 .N oc rystalline MoS 2 couldb ed etected by XRD analysis, which may be attributed to the small particle size or disordered structure of the MoS 2 phase (FigureS2).
The homogeneity of MoS 2 on the support was evaluated by EDX spectroscopy and is shown in Figure4.I nb oth samples prepared by RCP1 and RCP2, the intensity of the Mo Ka nd Ti K fluorescencel ines varied simultaneously over the length of the linescan, indicating an even loading of Mo on TiO 2 (Figure 4 , bottom right). The stoichiometryo fSto Mo could not be determined directly by EDX analysisb ecause the emission lines of the SK(2307eV) and Mo Ls hell (2293 eV) overlapped. Instead, we compared the (S K + Mo L)/Mo Ki ntensity ratio to that of bulk MoS 2 as displayed in Figure 4a .T he obtained ratios for the samples were similar to that of bulk MoS 2 ,p ointing to asuccessful reduction of thiomolybdatetoMoS 2 .
In Figure 5 , the XP spectra of MoS 2 /TiO 2 -RCP1 and MoS 2 / TiO 2 -RCP2-Ta re compared with that of bulk MoS 2 .T he Mo 3d XP spectra reveal the presence of Mo in the 4 + and 6 + oxidation states. Al ower binding energy (BE) waso bserved for the TiO 2 -supported samples with respect to the bulk MoS 2 reference (Table 2) . We attribute this shift in BE to electron donation from TiO 2 to MoS 2 ,which indicates astrong TMS-supportinter- www.chemcatchem.org action. The S2pX Ps pectra are mainly composed of S 2À and S 2 2À species. [16] As mall amount of oxidized Sw as also identified (SO x 2À ). This indicates that oxidized Mo and Ss peciesw ere likely formed by oxidation of MoS 2 during storage under ambient conditions. The sulfidation of Ti was not observed in the as synthesized samples. The stoichiometryo fr educed sulfur to molybdenum fort he samples prepared by RCP is comparable to that of bulk MoS 2 (Table 2 ), in line with the EDX results. A survey scan confirms that the as-synthesized catalysts are mainly composed of Mo, S, Ti,a nd O( Figure S3 ). Residual C and Ns pecies were also detected in the survey scan of the assynthesized samples. In view of the low solubility of EDTA, we attribute this to the presence of EDTAi nt he as-synthesized materials. Nevertheless,E DTAt hermally decomposes under the reactionc onditions.T hus, we do not expect that it affected the catalytic properties of the materials.
Catalytic hydrodesulfurization properties
The catalytic activitya nd selectivityo fs amples prepared by RCP1 and RCP2 were evaluated in the liquid-phase HDS of dibenzothiophene (DBT) at 4.0 MPa and2 45 8C. Desulfurization of DBT can proceed by two pathways as displayed in Scheme 1. Desulfurization of DBT by hydrogenolysis (DDS) yields biphenyl (BP) as the product, whereas hydrogenation of DBT followed by sulfur extraction (HYD) yields cyclohexylbenzene that can furtherbeh ydrogenated to bicyclohexane.
In Ta ble 3, the resultso btained from DBT activity tests of RCP and reference samples are reported. Additional selectivity ( Figure S5 ) and Arrhenius plots ( Figure S4 ) are provided in the Supporting Information. The reference samples were MoS 2 supported on P25 titania (65 %a natase, 35 %r utile) and a g-Al 2 O 3 supported commercial Co-Mo catalyst. Highest activities were obtained for unpromoted and Co-promoted MoS 2 /TiO 2 prepared by RCP1, which exceeded the activity of the commercial reference with comparable metal loading. Catalysts prepared by RCP2 showed similar activity to the MoS 2 /P25 reference, but were significantly less active than samples prepared by RCP1. The high activity of MoS 2 /TiO 2 -RCP1, as comparedw ith that of the commercial catalyst, is remarkable since it does not contain ap romoter.T he sample was approximately eight times more active than MoS 2 /TiO 2 prepared by impregnation or RCP2. However,t he productionr ate constant of BP was similar for all unpromoted samples supported on TiO 2 .The high activity obtained by the RCP1 method can thus be attributed to increasedh ydrogenation activity.T he higher apparent activation energy of MoS 2 /TiO 2 -RCP1 points to ad ifferent formation mechanism of this sample compared to the others. If Co was present in the catalyst (Co-MoS 2 /TiO 2 -RCP1), the selectivity towards BP increased drastically whereas the overall rate only increasedby3 0%.T he Mo loading remained constant, indicating that active HYD sites were replaced by DDS sites.
Severalr esearchers have reported an increased hydrogenation activity of MoS 2 catalysts supported on TiO 2 versus those on other support materials.
[11b, 17] It has been proposed that Ti 3 + ,w hich may form under the reducing HDSc onditions, could act as an electronic promoter in hydrogenation reactions over Ti-S-Mo sites. [17, 18] Our results agree with this proposition, as addition of Co led to increased DDS activity at the expense of HYD activity.T his suggests that Co resides at MoS 2 edge sites that would otherwise be promoted by Ti.C onsequently, Co promotion in MoS 2 /TiO 2 catalysts does not increaset he overall HDS rate to the same extent as it does in g-Al 2 O 3 -supported catalysts. [9c, 17] Despite the similart extural properties of catalysts prepared by RCP1 and RCP2, their morphologies as observedb yT EM were obviously different.R CP2 and impregnated samples, which exhibited ar elativelyl ow hydrogenation activity, were prepared by depositing MoS 2 on aw ell-definedT iO 2 support. On the other hand, catalysts preparedb yR CP1 were composed of coprecipitated MoS 2 and amorphous TiO 2 .W ea nticipate that the RCP1 method yielded more Ti-promoted sites that are activei nh ydrogenation, which may explain the increasedhydrogenation activity of these materials. Further studies in our laboratory aim to characterize the amorphous TiO 2 support and explore the unique activity of MoS 2 /TiO 2 -RCP catalysts in ultradeep HDS applications with real feed.
Conclusions
Unpromoted and cobalt-promoted molybdenum disulfide nanoparticles supported on titania were synthesized from aqueous solutions containing Ti and Mo precursor salts by an in situ redoxreaction. The synthesis method, reductive coprecipitation( RCP), is simple and proceeds under mild conditions. Moreover, catalysts prepared by this way have higherM ol oading than those prepared by impregnation and their performance is comparable to that of commercial catalysts. Analysis by energy-dispersive X-ray spectroscopy indicated that the samples were composed of homogeneously dispersed MoS 2 nanoparticles on amorphous TiO 2 .T he morphology of TiO 2 could be controlled by synthesis of TiO 2Àx prior to MoS 2 deposition,b ut this wasa tt he expense of al ower Mo loading. Highesta ctivities were obtainedf or the promoted RCP1 samples, which exceeded the performance of ac ommercialr eference in hydrodesulfurization of dibenzothiophene. The addition of Co as ap romoter did not enhancet he catalytic activity of MoS 2 /TiO 2 to the same extend (+ 30 %) as for Al 2 O 3 -supported Co-Mo catalysts. However, the promoter changed the selectivity towards hydrogenolysis products at the expense of hydrogenation products. These results point to the substitution of Ti-promoted sites by Co-promoted sites upon addition of Co.
Experimental Section Materials preparation
Ad etailed description of the materials synthesis is provided in the Supporting Information. Key aspects of the synthesis are given below.T he RCP synthesis procedure was modified from Xie et al. [5a] MoS 2 /TiO 2 -RCP1 was synthesized from aqueous solutions of TiCl 3 and (NH 4 ) 2 MoS 4 at 100 8C. The promoted material, Co-MoS 2 /TiO 2 -RCP1, was synthesized by the same procedure with Co(NO 3 ) 2 ·6H 2 O added to the TiCl 3 solution. For the preparation of RCP2 materials, TiO 2Àx was synthesized first by thermolysis (T) or hydrolysis (H). In thermolysis, TiO 2Àx was formed overnight at 60 8Cf rom an aqueous solution of TiCl 3 in HCl, stabilized by NaCl. In hydrolysis, TiO 2Àx was formed overnight at 60 8Cb yb asification of acidic TiCl 3 solution with NaOH (1 m). TiO 2Àx was filtered and washed and redispersed in water.M oS 2 /TiO 2 -RCP2 materials were then synthesized by addition of an aqueous (NH 4 ) 2 MoS 4 solution to the suspension of TiO 2Àx under inert conditions. Characterization N 2 adsorption isotherms were measured at À196 8Co naMicromeretics Tristar II. Prior to analysis, samples were heated at 160 8Cf or www.chemcatchem.org 4h under flowing N 2 .S pecific surface areas were determined by the BET method. TEM measurements were made with aT ecnai-20F microscope operated at 200 kV and equipped with af ield-emission gun. EDX spectroscopy was performed on the same microscope, utilizing an EDAX analyzer with TIA software. XRD patterns were recorded with aP ANalytical X'pert PRO powder diffractometer equipped with as ealed Cu anode tube, operated at 45 kV and 40 mA. Samples were ground with am ortar and pestle prior to analysis. XPS was performed with aK ratos AXIS Ultra spectrometer, equipped with am onochromatic X-ray source and ad elay-line detector.S pectra were obtained by using the aluminium anode (Al Ka = 1486.6 eV). Survey scans were measured at ac onstant pass energy of 160 eV and region scans at 40 eV.T he background pressure was 210 À9 mbar.E nergy correction was performed by using the C1sp eak at 284.6 eV as ar eference. X-ray fluorescence (XRF) was recorded with aP ANalytical spectrometer equipped with aM agiX Pro (PW2440). Samples were mixed with Al 2 O 3 and ag lass bead was sintered for analysis.
Catalytic hydrodesulfurization activity
The catalytic activity was determined by means of DBT HDS in af ixed-bed high-pressure tubular reactor with ad own-flow (trickle flow) of gas and liquid feed (40 bar,H 2 flow of 2.25 mL min À1 , weight hourly space velocity of 1.4 h À1 ). The reactor,2 40 mm in length and 4mmi nd iameter (ID), was packed with 30-80 mesh catalyst particles (400 mg) sandwiched between two ZrO 2 layers. The catalysts were pretreated with n-hexadecane (Sigma-Aldrich) spiked with 5.2 %t etranonyl pentasulfide (Sigma-Aldrich) at 280 8C for 5h and subsequently at 340 8Cf or 24 h. Afterwards, the temperature was lowered to 200 8Cf or 8h.T hen, the feed was switched to the reaction feed (5 wt. %D BT,2wt. %a damantane in n-hexadecane). After equilibration for 2h,t he temperature was increased to the desired reaction temperature (245 8C). Steady-state activity was measured after 24 hofreaction by offline GC-FID.
